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ABSTRACT
Star formation in the universe’s largest galaxies—the ones at the centers of galaxy clusters—depends
critically on the thermodynamic state of their hot gaseous atmospheres. Central galaxies with low-
entropy, high-density atmospheres frequently contain multiphase star-forming gas, while those with
high-entropy, low-density atmospheres never do. The dividing line between these two populations in
central entropy, and therefore central cooling time, is amazingly sharp. Two hypotheses have been
proposed to explain the dichotomy. One points out that thermal conduction can prevent radiative
cooling of cluster cores above the dividing line. The other holds that cores below the dividing line are
subject to thermal instability that fuels the central AGN through a cold-feedback mechanism. Here we
explore those hypotheses with an analysis of the Hα properties of ACCEPT galaxy clusters. We find
that the two hypotheses are likely to be complementary. Our results support a picture in which cold
clouds inevitably precipitate out of cluster cores in which cooling outcompetes thermal conduction
and rain down on the central black hole, causing AGN feedback that stabilizes the cluster core. In
particular, the observed distribution of the cooling-time to freefall-time ratio is nearly identical to that
seen in simulations of this cold-feedback process, implying that cold-phase accretion, and not Bondi-
like accretion of hot-phase gas, is responsible for the AGN feedback that regulates star formation in
large galaxies.
Subject headings: galaxies: clusters: intracluster medium
1. INTRODUCTION
The hardest thing to get right in cosmological simula-
tions of galaxy clusters is the structure of the intracluster
medium (ICM) in cluster cores (e.g., Nagai et al. 2007;
Fabjan et al. 2010; Dubois et al. 2011; Skory et al. 2013).
Radiative cooling within the central ∼ 100 kpc tends to
produce a strong cooling flow unless feedback intervenes
to replace the radiated energy. Without strong feedback,
rapid star formation makes the simulated central galaxy
far too blue and luminous, and the ICM temperature gra-
dient peaks well inside 100 kpc as gas with excessively
high entropy flows into the cluster core.
Observations strongly suggest that outflows from ac-
tive galactic nuclei (AGNs) provide that feedback (see
McNamara & Nulsen 2007, 2012, and references therein).
Clusters with short central cooling times tend to have
AGNs that inflate cavities in the ICM at distances ∼
10 − 30 kpc from the center. The total amount of en-
ergy in those cavities is sufficient to replace the radiated
energy, at least to an order of magnitude, but the exact
mechanism of energy transfer remains unknown. Clearly
the supermassive black hole within the central parsec of a
galaxy cluster is responding to the hot-gas environment,
and its response is finely tuned to replace the radiated
energy without disrupting the cool core itself (e.g., Voit
& Donahue 2005; Gaspari et al. 2011). But how does the
feedback engine know when to turn on, and how does it
determine the correct heating rate?
One of the primary clues to the triggering of AGN
feedback in cluster cores emerged from our large Chan-
dra study of ICM entropy profiles (ACCEPT), which
showed that strong feedback is present only in clusters
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with low-entropy cores (Cavagnolo et al. 2008, 2009). Al-
most all of the 239 entropy profiles in ACCEPT can be
fit with the form K(r) = K0 + K100(r/100 kpc)
α, where
K ≡ kTn−2/3e . Strong feedback is seen primarily in sys-
tems with core entropy K0 < 30 keV cm
2, and the excep-
tions have low-entropy coronae on kiloparsec scales (Sun
2009). This core-entropy criterion is roughly equivalent
to a central cooling time ∼ 1 Gyr, in alignment with
the finding of Dunn & Fabian (2008) that systems with
longer cooling times do not contain X-ray cavities.
Two other phenomena common in clusters with K0 <
30 keV cm2 are absent from clusters with greater core en-
tropy: extended emission-line nebulae and star forma-
tion in the central cluster galaxy (Cavagnolo et al. 2008;
Rafferty et al. 2008; Hoffer et al. 2012). The nebulae
generally signify the presence of multiphase gas, because
systems with Hα emission also tend to have abundant
molecular gas (Edge 2001). Star formation is further
confirmation that multiphase gas is present.
These results suggest that strong AGN feedback is
triggered by development of a multiphase intracluster
medium, implying that accretion of cold clouds (e.g., Piz-
zolato & Soker 2005) is more important than accretion
of hot intercloud gas. However, most implementations
of AGN feedback in cluster simulations assume Bondi-
like accretion from the hot phase (e.g., Sijacki et al.
2007; Fabjan et al. 2010; Dubois et al. 2011) . While
Bondi accretion may be energetically plausible in ellipti-
cal galaxies (Allen et al. 2006), it is too feeble to power
the larger outflows required in massive clusters (Rafferty
et al. 2006). Furthermore, the cooling time at small radii
can be much shorter than the inflow timescale, invali-
dating the fundamental Bondi assumption of isentropic
accretion (Mathews & Guo 2012).
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2The core-entropy threshold for feedback, multiphase
gas, and star formation was initially interpreted in terms
of conduction. Voit et al. (2008) showed that inward heat
conduction in systems with K0 > 30 keV cm
2 could plau-
sibly replace the energy radiated from the central regions
and prevent cooling and condensation (but see Soker
2008). In the conduction interpretation, AGN feedback
is not necessary unless K0 < 30 keV cm
2, in which case
conduction fails to keep pace with cooling, leading to de-
velopment of a multiphase medium and cold accretion
(Voit 2011).
Alternatively, the multiphase threshold has been inter-
preted as resulting from thermal instability. Numerical
simulations show that thermal instability can produce a
multiphase medium in a spherical potential if the ratio
of cooling time (tc) to freefall time (tff) is less than ∼ 10,
as long as feedback heating is in approximate global bal-
ance with radiative cooling (McCourt et al. 2012; Sharma
et al. 2012; Gaspari et al. 2012; Li & Bryan 2014b). Heat-
ing is necessary for thermal instability because perturba-
tions in a pure cooling flow grow too slowly to produce
a multiphase medium if tc > tff (Balbus & Soker 1989).
According to the thermal-instability interpretation, glob-
ally balanced cluster cores in which tc/tff < 10 should
harbor an extended multiphase medium, and this find-
ing was initially supported by analysis of a small cluster
sample (McCourt et al. 2012).
This paper analyzes a much larger cluster sample to
explore how both the core-entropy criterion and the
thermal-instability criterion relate to observations of Hα
emission in cluster cores. Section 2 updates the results of
Cavagnolo et al. (2008) and Voit et al. (2008), showing
that the core-entropy criterion sharply separates clus-
ters with Hα emission from those without it. Section 3
expands on the results of McCourt et al. (2012), show-
ing that the thermal-instability criterion does not pro-
duce a clear separation between systems with and with-
out Hα emission but instead correlates with the promi-
nence of that emission, and presumably also with the
total amount of multiphase gas. Section 4 discusses the
implications of our results for the triggering of AGN feed-
back. Section 5 considers how gas precipitating out of the
ICM can become dusty. Section 6 summarizes the paper.
2. CORE ENTROPY AND Hα EMISSION
Figure 1 shows the relationship between core entropy
and core Hα luminosity for all ACCEPT clusters with
Hα measurements. Except for a small handful of ob-
jects, there is a clear separation in K0 between cluster
cores with and without Hα emission, consistent with the
hypothesis that a multiphase medium develops and trig-
gers AGN feedback when radiative cooling becomes too
rapid for conduction to keep pace. As described in Cav-
agnolo et al. (2008), the Hα measurements come from
a heterogenous set of sources, including many long-slit
spectra, meaning that they are often lower limits on the
true values. We have therefore suppressed the error bars
on the detections to make the figure more legible. The
main quantitative differences between this figure and Fig-
ure 1 of Cavagnolo et al. (2008) are shifts in the horizon-
tal direction having to do with updated K0 values. Only
one cluster with K0 > 30 keV cm
2 has an Hα detection
(Zwicky 2701), and even that cluster may be consistent
with K0 ≈ 30 keV cm2 within the systematic measure-
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Fig. 1.— Relationship between core entropy K0 and Hα lumi-
nosity, which traces the multiphase medium in cluster cores. Filled
circles (blue) show detections. Empty squares (red) show upper
limits.
ment uncertainties (Cavagnolo et al. 2009).
Five objects with K0 < 30 keV cm
2 have no detectable
Hα emission: Abell 2029, Abell 2107, Abell 2151,
EXO 0422-086, and RBS 0533. Figure 2 shows that con-
duction can potentially prevent gas from condensing in
the cores of four of them. The figure illustrates the K(r)
entropy profiles for all of the objects in Figure 1 with
K0 < 30 keV cm
2. Dotted (blue) lines represent profiles
of systems with core Hα emission, and solid (red) lines
represent profiles of systems without Hα. The (black)
dashed line shows the critical K(r) profile for conductive
balance given by Voit (2011) for a conduction suppression
factor fc = 1/3 applied to the full Spitzer (1962) conduc-
tivity. In clusters with profiles above this line, thermal
conduction in the radial direction can supply enough heat
to the core to compensate for radiative cooling. The fig-
ure shows that four of the five clusters without Hα emis-
sion have K(r) profiles that remain above the critical
line. Only one, RBS 0533, has an entropy profile that
drops below it.
3. COOLING TIME, FREEFALL TIME, AND Hα EMISSION
The relationship between Hα emission and the mini-
mum value of tc/tff in cluster cores is somewhat different
than the one for core entropy. Figure 3 shows that re-
lationship. There is not a clear threshold at tc/tff ≈ 10
like the one at K0 ≈ 30 keV cm2, indicating that the pres-
ence of a multiphase medium depends on more than just
thermal instability. However, the steep anticorrelation of
LHα with min(tc/tff) does suggest that thermal instabil-
ity determines the amount of multiphase gas in the core
and therefore the strength of the feedback reponse owing
to accretion of cold, condensed gas into the AGN.
In order to make Figure 3, we needed to estimate the
gravitational potential as a function of radius for each
cluster, which required a few assumptions. First, we as-
sumed hydrostatic equilibrium, allowing us to estimate
the gravitational potential from the gas pressure and
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Fig. 2.— Entropy profiles for ACCEPT clusters with K0 <
30 keV cm2 and Hα spectroscopic coverage. Dotted (blue) lines
show clusters with Hα emission. Solid (red) lines show clusters
without Hα detections. Electron thermal conduction (with fc =
1/3) can offset radiative cooling in clusters with profiles above the
dashed (black) line.
temperature profiles in the ACCEPT catalog. Second,
we smoothed the pressure and temperature profiles by fit-
ting lnP (r) and lnT (r) with third-order polynomials in
ln r. Third, we assumed that a large galaxy resides at the
center of each halo. This last assumption is important
for three reasons: (1) nearly all cool cores are centered
on a cluster’s brightest galaxy, (2) that galaxy’s stars
dominate the gravitational potential within the central
∼ 10–20 kpc, and (3) flattening of the pressure profile in
a cluster core can lead to a poorly determined or even un-
constrained X-ray measurement of the potential at small
radii. Given the paucity of data on the velocity disper-
sions of these central galaxies, we approximated them all
as singular isothermal spheres with a 250 km s−1 veloc-
ity dispersion (consistent with e.g., Bernardi et al. 2007).
For clusters without large galaxies at their centers, this
last assumption is incorrect. However, such clusters do
not have cool cores and therefore have values of tc/tff
so large that any inaccuracy introduced by this faulty
assumption is inconsequential for our analysis.
Our assumption of hydrostatic equilibrium is likely to
be inaccurate, but probably not by more than a few tens
of percent (e.g., Churazov et al. 2010). Inaccuracies aris-
ing from a lack of hydrostatic equilibrium will lead to
underestimates of the gravitational potential and overes-
timates of tff , meaning that some of our tc/tff values may
be a few tens of percent too low. However, assuming that
a large galaxy dominates the gravitational potential at
the very center of a cluster mitigates these uncertainties.
4. MULTIPHASE GAS AND AGN TRIGGERING
This section interprets what our results imply about
cooling and condensation of the intracluster medium and
triggering of the AGN feedback presumed to limit it.
First we consider the significance of the core-entropy di-
chotomy. Then we turn to the significance of the depen-
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Fig. 3.— Relationship between the minimum value of tc/tff and
Hα luminosity. Blue circles show Hα detections and red squares
show upper limits.
dence of Hα emission on the minimum value of tc/tff .
Low core entropy looks like a necessary but not suffi-
cient condition for development of a multiphase medium
in a cluster core. We therefore surmise that high core
entropy prohibits the existence of a multiphase medium.
Elsewhere we have proposed that electron thermal con-
duction with a Spitzer suppression factor ∼ 1/3 is what
prohibits a multiphase medium in this case (Donahue
et al. 2005; Voit et al. 2008; Voit 2011). Theoretical
models support this viewpoint (Guo et al. 2008), as long
as the level of turbulence in the core is sufficient to
keep the suppression factor from dropping too far be-
low ∼ 1/3 (Parrish et al. 2010). However, others have
argued that MHD effects produce far greater suppression
(e.g., Schekochihin et al. 2008), and there is some obser-
vational support for strong suppression (Gaspari & Chu-
razov 2013). For that reason, turbulent heat diffusion
(which can be considered a generalized heat conduction
mechanism) also needs to be investigated as potentially
responsible for the K0 dichotomy.
We would like to stress that the mechanism responsible
for suppressing multiphase structure in cores with K0 >
30 keV cm2 must do more than just stop condensation
of the intracluster medium. It must also transport the
gas injected by normal stellar mass loss from the central
galaxy’s stars away from the cluster core while heating it
to the ambient ICM temperature and destroying its dust
grains (Voit & Donahue 2011). And it must accomplish
this task without producing obvious evidence for AGN
feedback, since cluster cores with K0 > 30 keV cm
2 seem
not to harbor strongly radio-emitting AGN (Cavagnolo
et al. 2008) unless those AGNs reside in cool kpc-scale
coronae with K0  30 keV cm2 (Sun 2009).
The amount of heat transport required to heat and
remove the ejected stellar gas from the central galaxy in
a cluster with K0 > 30 keV cm
2 depends somewhat on
the temperature of the ambient hot gas but is typically
at least as large as the heat input needed to keep the core
4gas from cooling. For example, consider a 5 keV cluster
core with K0 ∼ 30 keV cm2. The mass of ambient gas
within 30 kpc of the center is ∼ 3 × 109M, and the
central galaxy’s stars are shedding ∼ 3M yr−1 in that
same region, requiring a heating+transport timescale ∼
1 Gyr, essentially the same as the cooling time of the
ambient gas. In clusters of greater central entropy, the
energy input required to heat and transport the ejected
stellar gas exceeds the cooling luminosity of the ambient
gas.
This transport mechanism apparently falters in clus-
ter cores below ∼ 30 keV cm2, allowing a multiphase
medium to persist, but not in all cases. Recent theoret-
ical work has clarified the conditions under which con-
densation of a low-entropy core can produce multiphase
structure and indicates that the threshold for precipi-
tation in a spherical potential is tc/tff ≈ 10 (Sharma
et al. 2012; Gaspari et al. 2012). However, according to
Figure 3, this condition is sufficient but not necessary.
Cores with Hα emission span the range min(tc/tff) ≈ 5–
20, with a few ranging up to ratios exceeding 30.
How are we to interpret the multiphase structure in
cluster cores with min(tc/tff) > 10? Recent simulations
of AGN feedback triggered by cold precipitation provide
some important clues (see Gaspari et al. 2012, 2013, 2014;
Li & Bryan 2014a,b). In cores without multiphase gas,
the ambient medium needs to drop below tc/tff ≈ 10,
and maybe as low as tc/tff ≈ 3 (Li & Bryan 2014b), be-
fore a multiphase medium develops and fuels the AGN.
When the AGN responds, it heats and inflates the ambi-
ent medium, raising its entropy and lowering its density
until tc/tff & 10, but does not eradicate the multiphase
medium. Instead, fluctuations in the cold accretion rate
lead to fluctuations in AGN feedback, causing min(tc/tff)
to vary between ∼ 4 and ∼ 20 (see Figure 10 of Gas-
pari et al. 2012), the same range occupied by most of
the multiphase cluster cores in Figure 3. This agreement
should be considered strong observational support for the
precipitation-driven cold feedback mechanism.
Figure 4 provides some insight into the exceptions. All
of the Hα-emitting cores with min(tc/tff) > 20 remain
belowK0 ≈ 30 keV cm2 indicating that the cold-gas erad-
ication mechanism operating in clusters of higher core
entropy is not quite strong enough to eliminate their
multiphase structure. We suspect these cores are exam-
ples of cases in which a strong AGN outburst originally
triggered during a low min(tc/tff) state has temporarily
boosted the core entropy, but not high enough for heat
transport from outside the core to eliminate the multi-
phase gas. In this interpretation, the presence of Hα in
these cores is a hysteresis effect in the AGN feedback
cycle.
Figure 4 also suggests a natural explanation for the
five low-K0 clusters without evidence for multiphase gas.
While it remains possible that four of them are stabilized
by conduction (see Figure 2), it is also the case that all
five have min(tc/tff) > 20, suggesting that this timescale
ratio has not yet dropped low enough to produce precip-
itation in these cores.
5. PRECIPITATION, DUST, ADVECTION, & MIXING
The preceding sections present a strong case for
precipitation-driven AGN feedback as the mechanism
that stabilizes the lowest-entropy cluster cores, but a fly
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Fig. 4.— Relationship between the minimum value of tc/tff and
and core entropy K0. Blue circles show systems in which Hα is
detected and red squares show systems in which it is not.
remains in the ointment: The multiphase gas in clus-
ter cores is known to be dusty (e.g., Sparks et al. 1989;
Donahue & Voit 1993; Donahue et al. 2011; Rawle et al.
2012), yet the surrounding hot medium is virtually dust-
free (e.g., Bovy et al. 2008), especially near the center
(McGee & Balogh 2010). In fact, sputtering at the cen-
ter of a cool-core cluster should destroy all the dust grains
in less than a million years (based on Draine & Salpeter
1979). So how can the precipitated gas be dusty?
One potential solution to this dilemma is feedback-
induced mixing. In the cold regions of the Milky Way’s
interstellar medium, pre-existing dust grains can grow by
accreting refractory elements from the gas phase (Draine
2009). The most plausible sources of pre-existing dust
grains in cluster cores are dying stars in the central
galaxy (e.g., Voit & Donahue 2011). Mixing of this stel-
lar dust into cold gas that is accumulating in the cen-
tral galaxy can preserve it against sputtering, providing
sites for molecule formation and further depletion of re-
fractory elements out of the gas phase. Such a mecha-
nism for incorporation of gas-phase metals from the ICM
into dust grains is far easier to understand than ab ini-
tio dust formation in dust-free clouds of condensing ICM
gas, particularly since those clouds are unlikely even to
form molecules until they have first formed dust grains.
Dust in extended multiphase ICM filaments therefore in-
dicates that those filaments consist of gas that has been
pulled outward from smaller radii, either in the sheaths
around AGN jets or in the wakes of buoyant bubbles.
If this is the correct interpretation of dust in cluster
cores, then it implies that outward advection of low-
entropy gas promotes precipitation, perhaps explaining
why tc/tff values in multiphase cluster cores are some-
times greater than those seen in idealized simulations. As
jets and bubbles lift adjacent low-entropy gas to higher
altitudes of greater ambient entropy, they locally de-
crease the tc/tff ratio in the uplifted lower-entropy gas.
Radial mixing of stratified gas that is marginally stable
to precipitation therefore destabilizes it (see e.g., Revaz
5et al. 2008; Li & Bryan 2014b).
Mixing of dust into the precipitating gas can further
destablize it, because the cooling rate of a hot, dusty
medium is far greater than that of a hot, dust-free
medium at the same temperature (e.g., Dwek & Arendt
1992). Sputtering rapidly destroys some of the dust, but
the temporary decrease in cooling time might be suffi-
cient to cause precipitation in cases where it otherwise
wouldn’t happen. If mixing of dust into the ambient gas
does indeed catalyze precipitation, then one would ex-
pect precipitating gas to be dustier, on average, than gas
that is not precipitating.
6. SUMMARY
We have used the subset of ACCEPT galaxy clusters
with published Hα observations to evaluate two hypothe-
ses for the origin of multiphase gas in cluster cores, one
based on conduction and K0 and another based on ther-
mal instability and tc/tff . Our results suggest that these
two hypotheses are complementary. The dichotomy be-
tween homogeneous cores and multiphase cores, as traced
by Hα emission, is most distinct when plotted as a func-
tion of the core-entropy parameter K0. None of the AC-
CEPT clusters with high core entropy has measurable
Hα emission, indicating that low core entropy is a neces-
sary condition for a multiphase core. On the other hand,
all of the ACCEPT clusters with min(tc/tff) < 20 have
Hα emission, indicating that this is a sufficient condition
for a multiphase core.
Exceptions to the inverse relations support the notion
of complementarity. The few clusters with low core en-
tropy and no Hα emission all have tc/tff > 20, suggest-
ing that their central cooling times are not short enough
for precipitation (although four of the five could also be
stabilized by thermal conduction). And all of the Hα
emitting clusters with tc/tff > 20 have low core entropy,
consistent with the idea that heat transport is incapable
of eliminating the multiphase medium in a low-entropy
core, once it has formed. We suspect that these clusters
are examples of hysteresis in the AGN feedback cycle,
which can intermittently raise the central cooling time
so that occasional excursions to tc/tff > 20 occur once a
multiphase medium has developed.
Most multiphase cores have 4 < min(tc/tff) < 20. This
is the same interval spanned over time in cluster-core
simulations that rely on precipitating clouds to fuel AGN
feedback. We consider this agreement strong evidence in
favor of the cold-precipitation paradigm for stabilizing
the lowest entropy cluster cores.
The most serious problem with the precipitation
paradigm is the dustiness of the multiphase gas. We
suggest that the presence of dust indicates that the pre-
cipitating gas has been drawn out of the central galaxy
by jets or buoyant bubbles after it has mixed with dusty
ejecta from the central galaxy’s dying stars. Both up-
lift and the introduction of dust promote precipitation,
because both reduce tc/tff in the uplifted gas.
The authors thank M. Gaspari, M. McCourt, P.
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